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Experiments on chemical vapor deposition of W(CO)6-
derived films on silicon substrates were carried out at to-
tal pressure of 5-10 Torr within the temperature range of 
250-350 oС in Ar or H2 flow. Metallic, carbide and oxide 
phases composed the obtained films. Deposition in pres-
ence of hydrogen results in the increase of the metal con-
tent in the film. Sublimed palladium hexafluoracetylace-
tonate Pd(hfa)2 was used for Pd catalytic promotion of 
the deposition process. Codeposition with Pd(hfa)2 in hy-
drogen increases W-metal fraction and oxygen content 
while the Pd content is up to 10 at.%. Influence of vac-
uum ultraviolet (VUV) radiation from Xe excimer lamp 
(λ~172 nm) on the quality of the obtained films was in-
vestigated. It was found that VUV irradiation can reduce 
the oxygen-content in the film while W-metal fraction 
slightly increases. In all films, oxygen was in the form of 
WO3 and carbon was mainly incorporated as a graphite 
metastable phase. The influence of other chemical addi-
tives is discussed. 
 
1 Introduction Research dedicated to the production 
of tungsten films and particles has been intensively carried 
out since the middle of the last century. Indeed, in addition 
to its high melting point, tungsten presents high density 
and low reactivity/toxicity. For these reasons W-based 
films find applications as ohmic contacts, diffusion barriers 
and interconnects in microelectronic devices [1-4]. W 
films on polymers may be useful for electromagnetic or ra-
diation shielding of polymer-packaged devices [5, 6]. It 
may also be useful to provide polymers with enhanced me-
chanical, with diffusion barrier and with optical properties 
([7] and references therein). Such films are typically pro-
duced by CVD or ALD from tungsten halides, most often 
tungsten hexafluoride, WF6 and a suitable reducing agent, 
e.g. H2 or silane [1, 7]. Despite the robustness of such pro-
cesses, exposure of the substrates and of the deposition 
equipment to corrosive reaction byproducts, are significant 
disadvantages. The use of metalorganic precursors, such as 
cyclopentadienyl-containing molecular [8, 9] compounds 
and more frequently tungsten hexacarbonyl W(CO)6 [10-
14] has been investigated by the past as an alternative route 
to halides chemistry. The seminal report on the metalor-
ganic CVD (MOCVD) of W from W(CO)6 is the one of 
Kaplan and d'Heurle in the early seventies [10] while the 
latest one comes from Lai and Lamb [14], who resumed 
the state of the art for this process. In essence, the deposi-
tion temperature (Td) range is between 200 and 600 °C. 
However, films deposited at Td less than 500 oC present 
significant amounts of carbon and oxygen impurities, even 
for photochemically and plasma assisted deposition. For 
this reason, the mechanism of surface decomposition of 
W(CO)6 was investigated by several groups [15-17]. 
The summary of the obtained results reveals that Td 
conditions the composition of the films: 95 % pure W 
films can be prepared at 1000 oC and above, or under ultra 
high vacuum, or at high dilution of the precursor gas mix-
ture. When Td is lower than 500 oC there is an accumula-
tion of oxygen and carbon in the films by chemisorption 
and decomposition of CO. Incomplete decomposition of 
the precursor leads to entrapment of sufficient amount of 
oxygen and carbon as well. Oxygen in the film oxidizes W 
to WO3 but carbon remains segregated or it forms solid so-
lutions with tungsten. Only post deposition annealing at ca. 
900 °C leads to the reduction in carbon and oxygen content. 
From this review it appears that it has not been possi-
ble to process pure W films at low temperature from single 
thermal dissociation of W(CO)6. Using plasma assisted 
deposition with H2 can increase the amount of metallic W 
at low Td [18]. Photostimulated deposition and chemical 
methods have been marginally investigated but they have 
not yet led to positive results. Solving this problem would 
allow W films processed by cost effective MOCVD proc-
esses finding applications in the functionalization of ther-
mally sensitive parts such as polymers containing shielding 
materials [19]. 
In this work we apply in situ mass spectrometry (MS) 
of the gas phase in equivalent to low pressure MOCVD of 
W conditions, with the aim to gain chemical insight to 
thermally activated decomposition of the precursor. Then, 
we investigate different potential solutions for the low 
temperature MOCVD of W-rich films. First, we apply pho-
tostimulation of the process involving vacuum ultraviolet 
(VUV) radiation. Then, we use chemical additives, namely 
catalysts to drive the surface reaction towards the clean 
dissociation of the W-CO bond and the decontamination 
and removal of CO from the reaction zone. The use of cat-
alysts was tested in a CVD process where W films with a 
small amount of Pt were deposited from Cp2WH2 and from 
CpPt(CH3)3 aiming at reducing the carbon and oxygen con-
tent in the film [8]. Following this idea we test the catalytic 
activity of Pd(hfa)2 for tungsten deposition from W(CO)6 
in the presence of H2 since Pd can be a cost effective alter-
native for Pt precursors. Finally, post deposition remote 
hydrogen plasma treatment (PT) of selected films is also 
studied with the aim to decrease contaminants. 
 
2 Experimental Mass spectrometric study of 
W(CO)6 thermolysis was performed using a specially de-
signed input system for the time-of-flight (TOF) mass 
spectrometer [20] consisting of an evaporator and a tem-
perature-controlled cell (thermal reactor). This system en-
sures that the sampling and analysis are only performed on 
the vapor phase. The compound was conditioned in an 
open glass ampoule maintained at 30 oC in the evaporator 
under dynamic vacuum conditions. The vaporized com-
pound was introduced in the reactor which was heated 
from 90 to 500 oC at a rate of 5 o/min. Sampling was per-
formed directly into the MS ion source through the 0.2 mm 
effusive orifice of the reactor. When necessary, hydrogen 
was added in the reactor. These experimental conditions 
exclude almost all ion-molecule collisions in the mass 
spectrometer. Mass spectra (ionization electrons energy ca. 
70 eV) showing the composition of the gas phase were re-
corded every 2 min. Obtained mass spectra of W(CO)6 re-
corded in the absence of thermolysis are in a good agree-
ment with reference spectra for this compound presented  
in NIST database (MS #62145). From the full-range mass 
spectra the temperature dependences of the intensities of 
the ion peaks were derived. 
MOCVD of W-containing films was performed in a 
cold wall stainless steel CVD reactor described in [21]. 
Deposition was made on Si(100) 10x10 mm2 substrates. 
Despite the fact that the ultimate objective of this study is 
surface functionalization of polymers, depositions are 
made on 10x10 mm2 Si(100) coupons because of their ap-
propriateness for films characterization and of the reluc-
tance to nucleation and to adhesion of a metallic film on a 
polymer surface. These two latter difficulties should be 
treated prior transfer of the results of the present investiga-
tion to a process dealing with polymer metallization. 
For each experiment, ~200 mg of W(CO)6 was condi-
tioned in a glass ampoule. For Pd assisted deposition ~20 
mg of Pd(hfa)2 was conditioned in a separate evaporator. 
W(CO)6 and Pd(hfa)2 were transported to the deposition 
chamber by Ar and H2, respectively, both flowing at 2 L/h. 
Pd(hfa)2 sublimation temperature was 40 °C. W(CO)6 sub-
limation temperature was 65 °C for W+Pd codeposition 
and 60 °C for single W deposition. Operating pressure was 
5 Torr and Td was in the range 200 - 350 oC. VUV stimula-
tion was ensured by a low pressure Xe excimer lamp 
(λ~172 nm) (CHROMDET Analytical Instruments). The 
conversion efficiency of power consumption in the VUV 
radiation is up to 10%. Deposition time = 30 min. 
Films morphology was investigated by scanning elec-
tron microscopy (SEM) with a JEOL JSM 6700F instru-
ment equipped with a JEOL EX-23000 BU energy-
dispersive X-ray spectrometer (EDS) analyzer.  
Remote plasma treatment (PT) experiments were per-
formed in the separate vacuum chamber made of quartz 
tube with plasma ignited between outer coaxial electrode 
and grounded flange. Samples were placed face-up onto 
quartz stand. Hydrogen pressure was ~1 Torr, output pow-
er was ~30W, and exposition time was 20 min. 
Surface composition was investigated by X-ray photo-
electron spectroscopy (XPS) with a SPECS instrument us-
ing AlKα (hν=1486.6 eV) non-monochromatic radiation. 
Source power was 200W, X-ray beam diameter was 1 mm. 
The samples were mounted on a sample holder using dou-
ble side adhesive conductive tape. The resulting spectra 
were processed with the CasaXPS® software. Calibration 
was based on the binding energy of the line 4f7/2 of tung-
sten in the metallic state, which is equal to 31.4 eV [22]. 
Cleaning the surface was carried by bombardment with ar-
gon ions at a chamber pressure of 3.0*10-6 Torr, at voltage 
of 2.5 kV, with a sputtering time 3 min at sputtering rate of 
ca. 1-3 Å/min. 
XRD analysis of the film was performed on Shimadzu 
XRD-7000 diffractometer (CuKα radiation, Ni-filter, 5°– 
60° 2θ range, step 0.03 2θ, 1s per step). Indexing of the 
diffraction pattern was carried out using data for com-
pounds reported in the PDF database [23]. 
 
3 Results and discussion 
3.1 Mass spectrometric study of W(CO)6 The 
temperature dependence of the composition of the gas was 
evaluated by in situ MS study of vapors of the heated pre-
cursor using an input system imitating the LPCVD reactor. 
Such dependences are similar to classic kinetic concentra-
tion ones. Figure 1 resumes the evolution of the intensities 
of [W(CO)4]+ (selected as the most intensive W-containing 
peak) and [CO]+ ion peaks as a function of temperature, 
with and without H2. All W-containing peaks demonstrate 
similar behavior within the examined temperature range 
indicating that they result from the fragmentation of the 
molecular ion [W(CO)6]+ in the mass analyzer and not 
from the thermolysis of W(CO)6. Upon reaching decompo-
sition onset temperature, intensities of the peaks of W-
containing ions decrease while intensity of the peak [CO]+, 
corresponding to the gaseous product of thermolysis, in-
creases. Neither other organic gaseous products nor reac-
tive intermediates such as W(CO)n (n=1-5) were revealed 
for the heterogeneous thermolysis of W(CO)6. The main 
difference between the processes occurring with and with-
out H2 is the decomposition onset temperature. This tem-
perature is ca. 120 °C in the presence of H2. It is 210 oC; 
i.e. substantially higher, in the absence of H2. It should be 
noted that this value is close to 230 oC which is the onset 
temperature obtained by Patokin and Sagalovich [24] dur-
ing MS study of sampled products of W(CO)6 thermolysis. 
These data unambiguously indicate a decrease of the de-
composition temperature in the presence of H2: increase in 
the carbon monoxide peaks is observed at 120 oC when the 
intensity of W-containing peaks began to decrease. It 
should be noted that no new gaseous products were de-
tected in the presence of H2. 
 




















Figure 1 Temperature dependences of ion peak intensities for 
[W(CO)4]+ (1) and for [CO]+ (2) in the presence or not of H2 in 
the input gas 
 
3.2 CVD from W(CO)6 Based on the obtained MS 
data, low temperature CVD experiments from W(CO)6 
were performed within the Td range of 250-350 oC and in 
the presence of H2. VUV irradiation and addition of Pd 
hexafluoroacetylacetonate Pd(hfa)2 were investigated for 
their potential to modify films characteristics.  
Experimental conditions and characteristics of the ob-
tained films are presented in Tables 1-3. Table 1 resumes 
the consumption of the W and Pd precursors for selected 
experiments. It appears that, in every experiment per-
formed in similar conditions of carrier gas flow rate (sam-
ples #27, 28, 29, 30, 32, 33 for 2 L/min, #34, 35 for 1 
L/min), the consumption of each precursor is almost the 
same and complete, thus allowing for comparison among 
the processed films in terms of thickness and composition. 
It is worth noting that the use of Ar instead of H2 as a car-
rier gas results in the decrease of the sublimation efficiency 
(#31 for 2 L/min). 
 
Table 1 Experimental conditions for typical CVD runs. 
Sample # 
 






26 300 161/-  
27 182/18  
28(VUV) 
 
300 185/18  


















for two precursors), 
Н2w=2L/h (separate 
line) 
    
 
All films deposited on Si present grey mirror-like sur-
face. The growth rate at 200 and 250 oC is too low to yield 
films with satisfactory thickness at reasonable time. Con-
sequently, we focus here on the investigation of films pro-
cessed at 300, 350 and in part 450 oC.  
At 300 oC, when hydrogen is used for the transport of 
W(CO)6 and Ar for the transport of Pd(hfa)2, the use of 
VUV-irradiation results in the increase of the thickness, 
and of the W and Pd contents of the film (Table 2, compare 
#26-28). The percentage of metallic W is also substantially 
increased but C and O contamination is still high (Table 3, 
#27-28). Raising the deposition temperature to 350 oC re-
sults in significant increase of the growth rate and of the 
contamination of the surface with carbon. The percentage 
of metallic W decreases, probably due to noticeable forma-
tion of WCx (Table 3). According to EDS data, the use of 
VUV-radiation results in the decrease of oxygen content 
but dose not eliminate carbon from the film, the C/O ratio 
approaching 1 (Table 2, compare #29-30 and #32-33). 
From the other hand if we compare surface and bulk com-
position from XPS and EDS respectively (Table 2, e. g. 
#27 and 28; #29, 30 and 31) it is noticeable that carbon 
contamination of the surface is lower in case of UV-
stimulated deposition Thus, photostimulated deposition is 
favorable to remove any accidental impurities that can 
come from e.g. gas line or leaks but it can not remove all 
chemisorbed CO from the surface. The direct impact of H2 
in the characteristics of W films can be evaluated from the 
comparison of samples 31 and 32: At 350 oC the combina-
tion of W(CO)6 + H2 yields higher W content in the film 
than in the case when Ar replaces H2. It was not possible to 
determine the C and these films by XPS. However, EDS 
provided similar C and O content for both. The influence 
of the presence of a small amount of Pd(hfa)2 in the input 
gas can be illustrated from the comparison between sam-
ples 29 and 32 (without VUV activation) and between 
samples 30 and 33 (with VUV activation). Two conclu-
sions can be unambiguously drawn: First, Pd(hfa)2 allows 
increase of film thickness (487 nm vs. 350 nm, and 431 vs. 
290 nm, respectively).  
 
Table 2 Comparison of films composition before (XPS/EDS) 
and after hydrogen plasma (H+) treatment from XPS analysis for 








W Pd O C 
26 107 3.37/12.83  29.36/37.42 61.27/47.44 
26 
(H+)  25.82  74.18  
27 120 5.99/14.01 0.77/11.33 39.51/40.26 53.74/34.30 
28 158 11.38/12.29 9.89/5.88 36.2/35.90 42.53/45.91 
29 487 3.9/28.13 -/6.92 17.12/43.02 78.98/16.98 
30 431 6.84/21.88 0.96/3.65 18.79/29.37 73.41/26.22 
31 328 22.6/21.47  55.44/35.11 21.21/16.11 
31 
(H+)  12.74  82.56 4.89 
32 350 6.99/38.09  44.04/37.01 48.96/24.9 
32 
(H+)  21.82  66.84 11.31 
33 290 3.64/33.23  60.79/23.26 35.58/29.68 
33 
(H+)  23.87  65.74 10.39 
40 150 19.59  57.81 22.59 
Secondly, it results in films with lower W content. It is 
concluded that Pd(hfa)2 significantly assists the deposition 
rate. However, it is detrimental to the processing of W-rich 
films. This is possibly attributed to the nature of the Pd 
precursor, whose ligand contains four oxygen atoms. It is 
worth investigating the impact of oxygen-free Pd precursor 
instead of Pd(hfa)2. 
 
Table 3 Assignment ofW4f XPS lines for selected samples based 
on Ref. [13]. 
Sample # Еb, eV W compound at. % 
 32.2 W 5.4 
27 33.4 WOx, WC 29.7 
 35.2 WO3 64.9 
 30.7 W 34.3 
28 32.0 N/A 37.0 
 34.3 WO3 28.7 
 31.4 W 13.4 
29 33.0 WOx, WC 49.4 
 34.9 WO3 37.2 
 31.1 W 29.2 
30 32.3 WOx, WC 36.2 
 34.7 WO3 34.6 
 31.4 W 8.2 
31 33.52 WOx, WC 63.1 
 35.7 WO3 28.7 
 31.4 W 26 
32 32.86 WOx, WC 35.81 
 35.5 WO3 38.19 
    
 31.3 W 23.9 
34 31.8 N/A 23.3 
 33.0 WOx, WC 19.2 
 35.4 WO3 33.5 
 31.4 W 27.6 
35 32.6 WOx, WC 32.6 
 35.4 WO3 39.8 
 
To prepare thick films we increased the deposition 
time up to 1 h. Figure 2 shows typical morphology of the 
thick film prepared from W(CO)6 and Pd(hfa)2 in different 
media. Films obtained in Ar atmosphere are loose and po-
rous, while those deposited in the presence of hydrogen are 
more dense and compact. XRD patterns of the same films 
are presented in Fig. 3. Films deposited with H2 are better 
crystallized and are mainly composed of carbon and WO3. 
Remote plasma treatment (PT) has been done for the se-
lected samples to verify if it possible to increase W-metal 
content in the films. As it is visible from the Table 2 post 
plasma treatment can substantially reduce carbon contami-
nation of the film, but W still stay oxidized. Comparison of 
W4f XPS band structure e.g. shown in Fig. 4 for the sample 
#26 really confirms that W-metal line (~31.4 eV) remains 
unchanged, WC/WOx line (~33.2 eV) significantly increases, 
WO3 line (~34-36 eV) decreases. It is concluded that post 
treatment with hydrogen plasma can be favorable to reduce 
carbon contamination of the film prepared from W(CO)6. 
 
4 Summary 
Various directions have been investigated with the aim 
to obtain W-rich films by low temperature MOCVD from 
W(CO)6. Investigation of the decomposition of the precur-
sor in similar to low pressure MOCVD of W by in situ MS 
confirms that hydrogen reacts with tungsten carbonyl at Td 
as low as ca. 120 oC and indicates that H2 should be sys-
tematically used as co-reactant in such processes. 
Low temperature (Td ≤350 oC) MOCVD from W(CO)6 
results in the formation of the mixture of metallic, carbide 
and oxide phases in the film. Deposition in the presence of 
H2 results in the increase of the metal content in the film at 
the same temperature. 
VUV photostimulation at 300 °C results in (a) moder-
ate increase of film thickness, (b) increase of the W content 
and (c) substantial increase of the percentage of metallic W. 
Nevertheless, it does not allow elimination all chemisorbed 
CO from the surface. 
Addition of a small amount of Pd in the film through 
codeposition with Pd(hfa)2 assists the deposition rate but 
results in films with lower W content. To confirm or rule 
out efficiency of reactive additives as Pd-codeposits study 
of oxygen-free Pd compound is needed. 
Direct deposition of pure metallic W films from 
W(CO)6 at low temperature still remains a challenge. Fur-
ther investigation of photon and catalytic assistance of the 
process is necessary to identify possible parametric windows 
providing such films. Meanwhile, post deposition hydrogen 
plasma treatment may be used to decrease carbon contami-




Figure 2 Planar and cross-section SEM images for W-containing 
films deposited at Td= 350oC for 1 h in conditions #31 (without 
H2, upper micrographs) and #32 (with H2, lower micrographs). 
Scale bar corresponds to 100 nm for all samples. 
 
 
Figure 3 X-ray diffractograms of the samples presented in Fig. 2, 
processed in conditions #31 (without H2, upper diffractogram) 
and #32 (with H2, lower difractogram). 
 














Figure 4 Comparison of W4f XPS band structure before and af-
ter plasma treatment (H+) for the sample #26. The three lines cor-
respond to energies assigned to metallic W, WC/WOx, and WO3 
from left to right. 
350 oC Ar 
350 oC H2 
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